Abstract Ecological sampling can be labor intensive, and logistically impractical in certain environments. We optimize line intercept sampling and compare estimation methods for assessing feral swine damage within fragile wetland ecosystems in Florida. Sensitive wetland sites, and the swine damage within them, were mapped using GPS technology. Evenly spaced parallel transect lines were simulated across a digital map of each site. The length of each transect and total swine damage under each transect were measured and percent swine damage within each site was estimated by two methods. The total length method (TLM) combined all transects as a single long transect, dividing the sum of all damage lengths across all transects by the combined length of all transect lines. The equal weight method (EWM) calculated the damage proportion for each transect line and averaged these proportions across all transects. Estimation was evaluated using transect spacings of 1, 3, 5, 10, 15, and 20 m. Based on relative root mean squared error and relative bias measures, the TLM produced higher quality estimates than EWM at all transect spacings. Estimation quality decreased as transect spacing increased, especially for TLM. Estimation quality also increased as the true proportion of swine damage increased. Diminishing improvements in estimation quality as transect spacings decreased suggested 5 m as an optimal tradeoff between estimation quality and labor. An inter-transect spacing of 5 m with TLM estimation appeared an optimal starting point when designing a plan for estimating swine damage, with practical, logistical, economic considerations determining final design details.
Introduction
Researchers and managers face many challenges when conducting efficient but valid ecological sampling. Environments physically difficult to sample and resource limitations in personnel or materials can place practical restrictions on sample sizes and sampling methods, thereby putting a premium on methodological ease for obtaining samples. Also, the act of sampling in highly valued habitats, such as fragile wetlands or specialty crops, can potentially be destructive or impractical in some sites. Thus, optimizing the quality of estimation with labor, cost effectiveness, and environmental impacts in acquiring data is vital for sampling-sensitive sites.
The need for practical, reduced-labor ecological sampling procedures, and accompanying analytical methods that yield quality estimates of the environmental parameters has sparked much research over the years, and has resulted in development of sampling procedures and estimation methods for a variety of applications. For example, the search for reduced-labor methods produced the general field and the many methods within it for plotless density sampling and estimation (e.g., Engeman et al. 1994; Pielou 1977) . In the present research we focus on the tradeoff between estimate quality and sampling effort as we examine sampling and estimation methods for assessing feral swine damage to fragile wetland habitats, a problem of widespread interest around the world. Moreover, such methodology potentially could be applied to many other environmental sampling situations as well.
Wetland habitats in Florida have a long history of destruction. For example, only 1 % of the original extent of seepage slopes in Florida remain (Florida Natural Areas Inventory 2010). Adding to the problem of habitat loss, feral swine (Sus scrofa) are ubiquitous in Florida, and wreak considerable damage to imperiled wetland habitats, primarily through rooting of the native groundcover vegetation (e.g., Engeman et al. 2003 Engeman et al. , 2004 Engeman et al. , 2007 Seward et al. 2004) . Feral swine damage is most pronounced in wet environments (e.g., Choquenot et al. 1996) , and swine have been implicated as the single greatest vertebrate modifier of natural plant communities (Bratton 1977; Wood and Barrett 1979) . While swine population monitoring is valuable for determining management efficacy (e.g., Engeman et al. 2001 Engeman et al. , 2007 , it is the amount of damage to habitat that determines the need for and efficacy of swine management programs (e.g., Engeman et al. 2007) .
The Avon Park Air Force Range (APAFR) in southcentral Florida contains ecologically sensitive wetland plant communities of global significance (Orzell 1997) , and swine damage to those communities prompted a multi-year swine removal program (USDA/Wildlife Services/National Wildlife Research Center 2009). In December 2008, efforts were initiated to assess the extent of swine damage within selected sensitive plant community sites on APAFR. Global positioning system (GPS) technology enabled entire sensitive plant sites to be mapped, as well as areas of damage within each site (USDA/Wildlife Services/National Wildlife Research Center 2009). A thorough search of entire sites can be intensive, time consuming, and costly. Thus, there is a need to identify labor-saving, low-impact sampling methods for measuring damage coupled with analytical procedures yielding quality estimates of damage. Geographic information system (GIS) maps of swine damage at APAFR formed the bases for Monte Carlo simulations of line intercept sampling to identify the optimal tradeoffs between sampling intensity (transect spacing, which determines labor, cost, and environmental damage) and damage level estimation quality. We also examined alternative damage estimation calculations to determine which provided the greatest accuracy and precision. Because swine damage varies in patch size, shape, and distribution, our results will not only be useful for swine damage situations on a global scale, but will also provide valuable direction for other environmental sampling applications.
Methods

Avon Park Air Force Range
The APAFR is a US Air Force military installation (42,930 ha) located in Polk and Highland Counties in south-central Florida (27°35′ N, 81°16′ W), and contains 23,600 ha of intact natural habitats (Orzell 1997) . The region has a seasonal subtropical climate with a pronounced wet and dry season (Slocum et al 2010) . The base is used for military training, although approximately 33,180 ha are open to public recreation, including hunting. The Air Force manages the natural resources of APAFR to support military readiness and to ensure mission sustainability. A variety of seasonal wetland plant communities found on the base are highly sensitive to ground disturbance (e.g., seepage slopes, wet flatwoods, wet prairies, and peaty marshes) and harbor many rare and endemic plants (Florida Natural Areas Inventory 2010; Harper et al. 1998; Orzell 1997) . The impact of feral hogs on natural resources is a serious ecological management issue at APAFR, and monitoring swine damage is a means to assess the efficacy of management actions (USDA/Wildlife Services/National Wildlife Research Center, 2009).
GIS mapping and measurements
We mapped a subset of APAFR's sensitive plant communities and all swine damage within these sites in January 2009. This required an intensive search of each site to locate all damage and record damage patch perimeters using a Trimble GeoExplorer XT GPS units (Trimble Navigation Ltd., Sunnyvale, CA, USA) equipped with TerraSync software (Trimble Navigation Ltd., Sunnyvale, CA, USA). GPS data were recorded at 1-s intervals and had post-processing accuracy (using Trimble Pathfinder Office software; Trimble Navigation Ltd., Sunnyvale, CA, USA) ≤1.0 m.
We sampled nine mapped wetland sites to assess sampling and estimation procedures ( Table 1 ). The total area of each site, as well as the individual areas of the damage patches within each site were determined using ArcMap 9.2 software (ArcMap; Environmental Systems Research Institute, Redlands, CA, USA).
Knowing the actual amount of damage within each site and the total area of each site enabled optimization of sampling intensities and comparison among damage estimation methods using Monte Carlo techniques. Simulated sampling was conducted within each site using evenly spaced, parallel transect lines simulated across the digital map of each site, from one boundary line to the other. Transect lines were spaced 1 m apart along the longest axis of a site using ArcMap (Fig. 1) . The lengths of each transect line and damage patch intercepted by each transect line were also calculated using ArcMap. The total length of damage for a transect was summed from the combined lengths of all damage patches intercepted by the transect. A database was developed for each site containing lengths of each transect at 1-m spacing paired with total length of damage patches intercepted by the corresponding transect. These formed the basic data sets from which sampling could be optimized and estimation methods compared.
Simulated sampling and estimation method assessment
Two methods to estimate percent of damage within each site were considered. The first, identified as the total length method (TLM), treated all transects as if they comprised a single long transect. Thus, the sum of total damage lengths across all transects was divided by the total length of all transect lines combined. The second method, or equal weight method (EWM), had each transect contributing equally to the estimate. The proportion of damage under each transect line was calculated by dividing the sum of the damage lengths under a transect by that transect's total length. These damage proportions from each transect were then averaged across all transects. The two estimation procedures are summarized in the following equations. For n transects traversing a plant community site,
where t i 0 the length of the ith transect, d ij 0 the length of the jth damaged intercept on the ith transect, and m i 0 the number of damage patches intercepted by the ith transect. The amount of space between each transect is of particular interest, since greater spacing means less labor, lower costs, and less environmental damage. Spacings of 1, 3, 5, 10, 15, and 20 m were assessed. Data for each of these intertransect spacings were readily available since data had been generated at every meter. For 3-m spacing, data from every third transect line was used. This yielded three line intercept samples for each site corresponding to the three potential start points, which could begin either with the first potential transect line (1, 4, 7,…m from the starting edge), the second potential line (2, 5, 8,…m from the starting edge), or the third potential line (3, 6, 9,…m from the starting edge). Similarly, the 5-m inter-transect spacing yielded five line intercept samples for each site, and so on for the other intertransect spacings. For each sample and spacing, two estimates of damage proportion were calculated using the TLM and EWM methods.
The relative root mean squared error (RRMSE) was used as the primary criteria for comparing performance of estimates because it encompasses variance and bias, and it is unitless (Engeman et al. 1994; Engeman and Sugihara 1998; Nielson et al. 2004; Patil et al. 1979; White et al. 2008) . RRMSE was calculated as
where P was the estimated damage proportion, P was the true damage proportion, and I was the number of iterations for each sample spacing (i.e., a transect spacing of 3 m would have three iterations, and so forth). Therefore, for each site, the RRMSE was calculated for each combination of estimation method (TLM and EWM) and transect spacing (1, 3, 5, 10, 15, and 20 m) , for a total of 12 RRMSE statistics per site. Similarly, the relative bias (RBIAS), the mean observed bias divided by the true parameter value, was also calculated for each transect spacing and estimation method combination for each site. Summary data for the RRMSE and RBIAS were tabulated and graphed to visualize which estimation method yielded the best estimates of damage for each inter-transect spacing, and at what fineness of transect spacing diminishing improvements were observed in estimation quality. A mixed effects model was applied to examine how RRMSE was influenced by transect spacing and estimation procedure. The interaction term between spacing and estimation method was of particular interest to see if the relationship between the RRMSE and spacing differed between estimation methods. Estimation method and sample spacing were repeated fixed factors within sites (random effect), and a Kronecker covariance structure was used to model the variance-covariance structure of the data across estimation method and sample spacing, with the outcome variable, RRMSE, log-transformed to account for right skew and non-linearity. For both estimation methods, a mixed effects analysis with transect spacing as a repeated measure within sites assessed the association between RRMSE and the true percent of damage at the sites. Mixed effect analyses were conducted using SAS PROC MIXED (Littell et al. 1996 ; SAS Inc. Version 9.2, Cary, NC, USA). To better assess the expected diminishing estimation improvements as sampling intensity increased (i.e., as inter-transect spacing decreased), we graphed RRMSE against transect density (which equals 1/transect spacing) for both estimation methods, and fit exponential decay curves to the data (using PROC GPLOT, SAS Inc. Version 9.2, Cary, NC, USA).
Results
Our assessment of nine sites with six different transect spacings and two estimation methods resulted in the calculation of 108 RRMSEs (Table 2) , and RBIAS's (Table 3) , from which a number of important estimation patterns emerged. The TLM clearly produced higher quality estimates than EWM. The TLM RRMSE values were consistently and considerably lower than EWM values for all sites and spacing combinations, except for site 7 at wider transect spacings (10, 15, and 20 m), and site 3 where results from the two estimation methods were nearly equal (Tables 2 and  3 ). Estimation quality decreased as the sample spacing increased for TLM, while still superior to EWM at all spacings. The RRMSE for most sites showed little variability across transect spacings for the EWM. However, for sites 3 and 7 the RRMSE noticeably increased for EWM as the transect spacing increased (Table 2) . For the TLM, sites 3 and 7 had noticeably higher RRMSE's at each transect spacing in comparison to other sites, especially at the wider transect spacings. This pattern was evident for the EWM only at the widest transect spacings for these two sites ( Table 2 ). The two estimation methods had nearly equivalent RRMSEs only for site 3 at every inter-transect spacing. This site was quite rectangular in shape, making transect lengths relatively constant. For fixed transect lengths the two estimation procedures become identical (Eqs. 1 and 2). No other sites shared this feature.
The patterns that emerged for RBIAS (Table 3) were similar to those found for RRMSE (Table 2) in that TLM had substantially less bias than EWM at almost every site and spacing combination. In contrast to the pattern in Table 2 , the RBIAS for both estimation methods stayed nearly constant as sample spacing increased, whereas in Table 2 the RRMSE followed this pattern only for EWM. The magnitudes of RBIAS for the EWM were very close to those for RRMSE at each site and transect spacing combination (except for sites 3 and 7), demonstrating that estimation variability using the EWM resulted mostly from bias.
Increased estimation quality would be expected with increased sampling intensity (decreased inter-transect spacing). We also considered the matter of identifying when the magnitude of such improvements in estimation quality diminishes sufficiently to make increases in sampling intensity impractical. This was most readily observed by relating RRMSE to the density of transects (the inverse of intertransect spacing), where diminishing returns were wellrepresented as exponential decays as sampling intensity Table 3 Relative bias results from Monte Carlo simulations assessing transect spacing and two analytical methods (total length method and equal weight method) for estimating the amount of feral swine damage within nine GIS-mapped sensitive plant sites at Avon Park Air Force Range, Florida using line intercept sampling There was an interaction between transect spacing and estimation method (F 1,96 020.39, p<0.0001), as RRMSE for the TLM increased with spacing width, while it remained fairly constant (and higher) for the EWM across intertransect spacings. On average, for every 1 m increase in sample spacing, the RRMSE increased 20 % using the TLM, compared to 3 % for EWM.
There was a strong inverse relationship between RRMSE and true damage proportion (F 1,7 030.08, p0 0.0009) for TLM, where, on average, for every 1 % increase in the true damage proportion, RRMSE decreased by 34.5 %. The two sites with the smallest true damage (sites 3 and 7) produced the highest RRMSEs at all inter-transect spacings for the TLM method (Table 2) . However, a similar relationship between the RRMSE and the true damage proportion was not evident for EWM (F 1,7 00.19, p00.67), probably because other factors besides true damage level had greater influence on estimation quality, such as shape of the site being sampled.
Discussion
There are many factors to consider in ecological sampling, as the quality and quantity of data may be counterbalanced by costs, labor, and potential sampling impacts. Thus, sampling procedures that minimize labor coupled with analytical Fig. 2 The relationship between frequency of line intercept transects (inverse of transect spacing) and relative root mean squared error (RRMSE) when using the total length method for estimating the amount of feral swine damage within nine GISmapped sensitive plant sites at Avon Park Air Force Range, Florida using line intercept sampling. The fitted exponential decay line is shown Fig. 3 The relationship between frequency of line intercept transects (inverse of transect spacing) and relative root mean squared error (RRMSE) when using the equal weight method for estimating the amount of feral swine damage within nine GISmapped sensitive plant sites at Avon Park Air Force Range, Florida using line intercept sampling. The fitted exponential decay line is shown procedures that yield quality estimates of the environmental parameters of interest are valuable tools for researchers and managers alike. This need is exemplified when assessing swine damage in imperiled wetlands of Florida. The damage levels within these vulnerable habitats determine the need for and ultimately gauge the efficacy of swine management programs, thereby creating a need for quality sampling and estimation methods. Geospatial mapping of swine damage within a subset of sensitive wetland sites on the APAFR gave us the opportunity to conduct Monte Carlo simulations to optimize line intercept transect spacing (sampling intensity) and to compare estimation methods. This aspect of fully mapping and enumerating field situations for assessing sampling and estimation methods is relatively uncommon, and made all of our "field" observations exact without observational error.
The TLM, which treated transect data as if it came from one long transect, was clearly the better estimation method. It had higher quality estimates of damage, with uniformly lower RRMSEs and biases than the EWM. The EWM equally weighted the data from all transects irrespective of the distances covered. Interestingly, RRMSE for the EWM varied little across inter-transect spacings for all but two sites, whereas RRMSE for the TLM increased as transect spacing increased (transect density decreased), although estimation quality always remained higher than for the EWM. We would expect to observe similar results between the two estimation methods when transect lines are of nearly equal lengths, as in the case of site 3 (Tables 2 and 3) .
Sites 3 and 7 had the lowest actual percent damages, which may have contributed to higher RRMSE's for these two sites, especially for the TLM. Because there was an inverse relationship between true percent damage and RRMSE, with RRMSE decreasing as true percent damage increased, a wider transect spacing might be acceptable when the actual amount of damage is higher. However, the damage level in the field may not be readily discernible prior to sampling.
There were diminishing improvements to estimation quality for the TLM once transect spacing width decreased below 5 m. Expectedly, 1-m spacing produced the highest quality estimates, but this spacing is the least likely to be practical in the field, and would also be the most likely to result in damage to fragile habitats. When transect spacing increased beyond 5 m, the estimation quality appeared to decrease exponentially (Fig. 2) . Therefore, an inter-transect spacing of 5 m would be an optimal starting point when designing a sampling plan for estimating damage, with practical, logistical, and economic considerations determining final design details. A further sense of relative accuracy of the 5-m spacing and TLM estimation was demonstrated when we compared damage estimates from all individual simulation iterations for all sites with the associated true damage proportions. Two-thirds of the estimates across all individual simulation iterations using 5-m spacing and TLM estimation were within 0.001 of the true damage proportion. We also recognize that sampling scales can vary widely. Instead of the 1 m scale for minimum inter-transect spacing we considered, other applications may call for a much different minimum inter-transect spacing (e.g., 1 km). Nevertheless, the concepts from our results can be scaled to fit many applications.
Besides providing essential information for assessing the need for, or efficacy of swine management programs, accurate estimates of damage levels also provide information necessary for estimating swine damage in an economic context and for assessing the benefit-costs of management actions. Habitat valuation methods have been well documented and applied to swine damage assessments; the benefit (or monetary value of the reduction in swine damaged habitat) typically far exceeds the costs for swine management (Engeman et al. 2003 (Engeman et al. , 2007 . To make rational management decisions, economic totals should be based on accurate estimates of damage. The economics of sensitive plant damage situations ultimately justifies and determines the nature of the response for management programs.
The sampling and estimation methodology used here to estimate swine damage are generally applicable to other areas of environmental sampling and at different scales, especially in difficult field situations when the sampling target can be a variety of unpredictable sizes and shapes. As an example, habitat sampling from the air allows large tracts of land to be surveyed, but aerial surveys can be very expensive to conduct, especially when using a helicopter. Conversely, costs for surveys using line intercept procedures might be contained and estimation optimized through application of the conceptual results identified here. Similarly, when sampling within specialty crops, the act of sampling can impact yields. Thus, a means to optimize sampling with estimation quality is a valuable tool.
